Titanium dioxide (TiO2) or titania shows great promise in detoxification and drug delivery. To reach its full potential, it is important to interface TiO2 with biomolecules to harness their molecular recognition function. To this end, DNA attachment is an important topic. Previous work has mainly focused on long double-stranded DNA or single nucleotides. For biosensor development and targeted drug delivery, it is more important to use single-stranded oligonucleotides. Herein, the interaction between fluorescently labeled oligonucleotides and TiO2 nanoparticles is reported. The point of zero charge (PZC) of TiO2 is around 6 in water or in acetate buffer, so they are positively charged at lower pH.
Introduction
Titanium dioxide (TiO2) or titania is an important industrial material for a diverse range of applications, where it is best known as a white pigment. It is also used in sunscreens and food additives, suggesting its excellent biocompatibility. [1] [2] [3] Indeed, a number of assays confirm that even relatively high concentrations (e.g. 0.2 mg/mL) of titania do not show noticeable toxicity to cells and animals. 4 This makes titania a useful vehicle for drug delivery. 5 At the same time, TiO2 is a photocatalyst widely explored for water detoxification and disinfection under light exposure. 6 Attaching affinity ligands to its surface can improve specificity to selectively kill cancer or bacterial cells. 7 Compared to the vast amount of work on gold, carbon or silica nanoparticles (NPs), [8] [9] [10] [11] [12] [13] functionalization of titania with biomolecules is reported only in a few cases. For example, antibodies were physisorbed to target cancer cells. 14, 15 To achieve covalent attachment, Brook and co-workers used the sol-gel chemistry to graft a layer of amino-modified silane on titania, upon which biotin or protein was coupled. 7, 16, 17 Levina et al considered that titania is negatively charge at neutral pH. They prepared a DNA/polylysine conjugate, where the positively charged polylysine is used to anchor on titania surface and the DNA fragment can hybridize to its complementary strand. 18, 19 To make the attachment chemistry more cost-effective, it is desirable to directly adsorb nonmodified DNA. Zhu et al studied the adsorption of calf thymus DNA by TiO2 NPs and they concluded that phosphate is responsible for DNA adsorption based on IR spectroscopy. 20 Suzuki et al used sonication to assist the adsorption of salmon testes DNA, which is also a long ds-DNA. 21 They found that the DNA adsorbed very tightly and did not desorb even by heating at 56 C for several hours.
Desorption occurred only at 98 C in pH 14 solution. In addition to the previously proposed phosphate binding, the author suspected that adsorption might also take place by electrostatic interaction at acidic pH (where the surface of TiO2 is positively charged) or by bridging cations. This adsorption reaction was used to precipitate TiO2 NPs for environmental remediation. 22 The authors further increased DNA 4 loading capacity by lowering the buffer pH to 2, which was attributed to the reduced electrostatic repulsion between DNA and the particle surface. 23 Cleaves et al studied the adsorption of several DNA/RNA bases, nucleosides and monophosphate nucleotides, where they concluded that nucleotides adsorbed more tightly than nucleobases. 24 They further noticed that cytosine was adsorbed significantly more at lower pH, while adenine and uracil was less affected. So far, it is not conclusive whether DNA adsorption to titania is achieved via the bases or the phosphate backbone.
All the previous work suggested that both long ds-DNA and single nucleobases/nucleotides can be adsorbed by TiO2 NPs. For analytical and biomedical applications, it is more desirable to attach ss-DNA oligonucleotides with well-defined sequences such as aptamers. [8] [9] [10] [11] [12] [13] 25 Using oligonucleotide probes also allows systematic studies on the effect of DNA sequence and length. We previously employed oligonucleotide probes to study their interaction with gold, 26, 27 graphene oxide, 28 coordination polymers, 29 and nanoceria. 30 In this paper, we report the surface interaction of short ss-DNA on TiO2 NPs.
Materials and Methods
Chemicals. All of the DNA samples were purchased from Integrated DNA Technologies (IDT, Coralville, IA) and were purified by standard desalting. The peptide nucleic acid (PNA) sample was purchased from Biosynthesis Inc. (Lewisville, TX) and the stock was dissolved in 0.1% trifluoroacetic acid. The sequences of DNA used in this work are shown in Table 1 . TiO2 NPs (catalog number: 718467) were purchased from Sigma-Aldrich. Sodium phosphate, sodium citrate, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), sodium acetate, sodium nitrate, and all the ribonucleosides were from Mandel Scientific (Guelph, Ontario, Canada). Milli-Q water was used for all the experiments. 
DNA name
Sequence (5 to 3) and modification
DLS measurement. -potential was measured on a Malvern instrument (Zetasizer Nano 90) using the dip-cell setup. In a typical experiment, TiO2 NPs (final concentration 0.72 nM) were dispersed in 1 mL of water or buffer. The typical buffer concentration was 10 mM phosphate, citrate, HEPES, or acetate.
The pH values were adjusted by gradually adding NaOH or HCl. The temperature was set at 25 C.
DNA adsorption assays. The diameter of our TiO2 NP is ~20 nm (supplied by the vendor and also from TEM). Assuming spherical shape and a density of 4.23 g/cm 3 , 1% TiO2 has a NP molar concentration of 940 nM. In a typical experiment to measure DNA adsorption kinetics, 1 µL of 1 µM FAM-labeled DNA (FAM = 6-carboxyfluorescein) stock solution (final concentration = 10 nM.) and 2 µL of 3 M NaCl (final concentration = 60 mM) were mixed in 95 µL of HEPES buffer (5 mM, pH 7.6) in a 96-6 well plate. Next, the fluorescence signal baseline (excitation at 485 nm; emission at 535 nm) was measured for 1 min under the kinetic mode using a plate reader (Tecan Infinite F200Pro) prior to a quick addition and mixing of 2 μL of 45 nM TiO2 NPs (final TiO2 NP concentration = 0.9 nM).
Afterwards, the fluorescence intensity at 535 nm was monitored for 45 min to track the adsorption kinetics. The concentration of NaCl was varied in the salt-dependent experiments (NaCl = 0, 30, 60, 90, 120 mM). In the same way, the effect of other anions (NaNO3, NaOAc, Na3citrate, and Na2HPO4) on DNA adsorption was studied. For these assays, the concentration of Na For PNA adsorption, the FAM-labeled PNA concentration was 14 nM with 60 mM NaCl.
DNA loading capacity. The loading capacity of DNA was measured by the difference of the fluorescence intensity of each sample before and after addition of TiO2 NPs for DNA adsorption. The DNA loading under neutral and pH 2 conditions was respectively studied. Under neutral pH, various concentrations of FAM-A15 (0.1, 0.2, 0.5, 1, 2 µM) was mixed with 10 nM TiO2 in 5 mM HEPES buffer (pH 7.6 with 60 mM NaCl). The total volume was 100 μL for each sample (n = 3). After overnight incubation under room temperature, the sample solutions were centrifuged and the supernatant fluorescence intensity was measured to quantify adsorbed DNA. For the acidic condition, 2 μL of 0.5 M HCl solution was added to 90 μL Milli-Q water before mixing with a small volume of DNA stock solution (100 µM) and 2.7 μL TiO2 solution (360 nM) in water at room temperature for 3 min. Afterwards, the mixture was sonicated for 2 min in a sonication bath prior to a 5 min centrifugation (15,000 rpm) to precipitate the TiO2 NPs. To monitor the fluorescence intensity of the supernatant, the same volume of NaOH (0.01 M) was added to 50 mM HEPES buffer to adjust the pH to neutral. This is important since the FAM fluorescence is a strong function of pH. Care was taken for developing calibration curves, where the same concentration of Na + (using NaCl) was added into the standard solution to maintain a consistent ionic strength.
DNA desorption.
To investigate the displacement of adsorbed DNA, the DNA/TiO2 nanoconjugate was prepared using the pH 2 method to achieve fast and high loading capacity. After three rounds of rinsing with pure water to remove the loosely adsorbed DNA, the conjugate was dispersed in water with the (2) and (4) were prepared following the pH 2 procedure described in last section: the ratio of initial concentrations of DNA/ TiO2 NP = 50. The conjugates were rinsed twice with pure water to remove the free DNAs and were excited using Safe Imager™ 2.0 Blue Light Transilluminator (Invitrogen).
Results and Discussion
Surface properties of TiO2 NPs. The size of our TiO2 NPs is ~20 nm under TEM ( Figure 1A ). Since we intend to probe the native surface of TiO2, no capping agent or surfactant was used. When dispersed in water at around neutral pH, the surface charge of TiO2 is close to zero (vide infra). For these reasons, the particles were aggregated. Dynamic light scattering (DLS) shows an average size of ~300 nm, which agrees with aggregation of TiO2 NPs ( Figure 1B ). More DLS data of the particles in different buffer conditions are shown in Figure S1 of Supporting Information. XRD shows that the particles are crystalline and have the anatase phase ( Figure 1C ). Since DNA is a negatively charged polymer, electrostatic interactions are often important for it adsorption. To understand the surface charge of TiO2 NPs, we first measured -potential in water without buffer and adjusted pH by HCl or NaOH (Figure 2A , black dots). The particles are negatively charged at pH greater than 7 and positively charged at pH lower than 6. This is consistent with literature reports on TiO2 NPs prepared by various methods. 31 The reactions responsible for its surface charging are shown in the inset of Figure 2A . 32 The data points are quite scattered around neutral pH since this sample was not buffered. Adding 20 mM acetate buffer has improved the quality of the data and a similar pH-dependent surface charge inversion was also observed (Figure 2A, red dots) . To buffer over a wider range of pH, we also measured -potential in phosphate and citrate buffers ( Figure   2B ), where the surface remained negative in all tested pH values. It is likely that the TiO2 surface has affinity for the oxygen groups in the phosphate and citrate anions. 33 Adsorption of these anions rendered negatively charged surface regardless of pH, which might have an adverse effect for DNA adsorption. We performed most of our experiments in pH 7.6 HEPES and the surface is negatively charged under this condition (blue square, Figure 2B ). 
DNA adsorption.
After understanding the surface charge of TiO2 NPs, DNA adsorption was studied.
First we need to develop an assay to follow DNA adsorption. Since many inorganic surfaces quench adsorbed fluorophores (e.g. carbon nanotubes, 34 graphene oxide, 35, 36 gold, 37 nanoceria, 30 and quantum dots 38 ), we tested whether TiO2 NPs also have such an effect. Figure 1E shows a fluorescence photograph that both FAM and Cy3-labeled DNA are almost fully quenched by TiO2 NPs. This also indicates that DNA oligonucleotides are adsorbed ( Figure 1D ). TiO2 is a large band-gap semiconductor and might accept electrons from excited fluorophores to quench its fluorescence.
Since phosphate and citrate can be adsorbed by TiO2 NPs and may cause artifacts for studying DNA adsorption, we chose to use HEPES buffer (pH 7.6) for most of our experiments. The unmodified TiO2 surface carries a negative charge in pH 7.6 HEPES buffer ( Figure 2B ). Therefore, to adsorb negatively charged DNA, salt should be important to screen charge repulsion. To test this, we measured FAM-labeled A15 DNA adsorption as a function of NaCl concentration ( Figure 3A) . Indeed, little adsorption was observed in the absence of salt and the rate of adsorption was significantly enhanced with more than 30 mM NaCl. Next, we measured the adsorption of 15-mer DNA homopolymers in the presence of 60 mM NaCl ( Figure 3B ). These DNAs showed slightly different adsorption behaviors. For example, A15 adsorption continued to occur in 90 min while the other three DNA reached a stable fluorescence quite rapidly. The amount of fluorescence quenching (i.e. adsorption) was the least for G15.
This might be attributed to DNA secondary structures affecting the adsorption kinetics. For example, poly-G DNA tends to form quadruplex structures, which may hinder adsorption.
Next we tested the effect of DNA length ( Figure 3C ), where the capacity dropped significantly as the length of DNA increased. This suggests that the DNA wraps around TiO2 NPs instead of adopting an upright conformation. This capacity is however quite low if we compare it with gold NPs of the same size; each adsorbs ~200 thiolated DNA with an upright conformation. 39 Using a random sequenced 12-mer DNA, we measured DNA adsorption capacity as a function of the initial DNA concentration ( Figure 3D ) and our data fit to a Langmuir isotherm. This suggests that there is an adsorption/desorption equilibrium in our system and it is also reasonable that DNA adsorption on TiO2 NP stops at a monolayer. It is quite striking that the capacity becomes much higher when DNA was loaded at pH 2 ( Figure 3E ). For example, at a DNA:TiO2 ratio of 100:1, DNA was quantitatively adsorbed for all the tested sequences. Close to complete adsorption was achieved also for A15 and C15
at up to 400:1 ratio, while the capacity was slightly lower for G15 and much lower for T15. On the other hand, at neutral pH, the A15 loading was less than 30 ( Figure 3C ). At pH 2, the TiO2 surface is positively charged and may attract DNA via electrostatic interactions. The negative charges on DNA are from the backbone phosphate, which has a pKa value close to 2. However, protonated phosphate might not bind to the TiO2 surface. We reason that the different capacity at pH 2 is likely due to the different pKa values of the bases. T15 cannot be protonated even at pH 2 and thus the thymine base does not contribute electrostatically for T15 DNA adsorption, limiting its capacity to ~100 DNA per particle.
Guanine has a pKa of 2.2 and therefore can be partially protonated at pH 2. The pKa values for adenine and cytosine are 3.5 and 4.2, respectively and can be fully protonated at pH 2. This trend matches with our data and thus the ultrahigh capacity of these DNA is related to both protonation of the particle and DNA bases. At pH 2, the loading capacity also decreased with increasing DNA length. Nevertheless, the 30-mer DNA was still loaded at ~200 per TiO2 NP ( Figure 3F ). Note that each 20 nm gold NP can only adsorb ~180 thiolated 25-mer DNA, where DNA has an upright conformation. 39 Therefore, to load a similar density of DNA onto TiO2, it is unlikely that each DNA wraps around the particles. More likely, the DNAs are adsorbed via only one or a few nucleotides. Such high DNA loading at low pH is consistent with the report by Suzuki et al, 23 who used long ds-DNA in their study. Here we provide more detailed insight regarding the effect of different DNA sequence, where base protonation appears to be important. Such pH-dependent DNA loading was also observed for gold and silver NPs, 26, 27, 40, 41 and for graphene oxide. Desorption and displacement. The above studies were carried out in HEPES buffer. Since TiO2 appears to strongly adsorb phosphate based on our -potential measurement ( Figure 2B ), we next measured DNA adsorption/desorption in other buffers. An important question is whether DNA adsorption is achieved via the bases or the phosphate backbone. Previous studies have not systematically addressed this question. We herein probed it using displacement reactions. For example, if adsorption is through the backbone phosphate, the adsorbed DNA might be displaced by adding free phosphate. To test this, we loaded the four different DNAs and added various concentrations of phosphate buffer (pH 7.4). As shown in Figure 4 , all the DNA sequences showed time-dependent fluorescence enhancement and higher concentration of phosphate gave faster signal increase. Therefore,
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DNA phosphate backbone is likely to play an important role in its adsorption. At the same time, the kinetics of FAM-G15 is the slowest, while all the other three DNAs showed similarly fast desorption.
Therefore, it cannot be ruled out that the guanine base might also have some affinity for the TiO2 NP surface as well. Interestingly, Cleaves et al concluded that the strength of nucleotide adsorption follows the order of G>C>U>A, 24 which agrees with our data that the poly-G DNA desorbed the slowest.
Again, it needs to be emphasized that phosphate adsorption plays the major role. Phosphate induced desorption also indicates that longer DNA is adsorbed slightly more tightly ( Figure S2 ), which is consistent with the lower capacity of the longer DNA ( Figure 3F ). In other words, lower capacity means more contacting points for each DNA and stronger affinity. We next used nucleosides for displacement. In this experiment, DNA loaded TiO2 NPs were mixed with 5 mM adenosine, cytidine, guanosine or uridine, respectively. After incubation for 30 min, the DNA remained on the particles was quantified ( Figure 5A ). All the samples showed similar DNA loading as the control without any treatment. Therefore, DNA adsorption should occur mainly via the backbone phosphate instead of the bases. As a further control, a FAM-labeled peptide nucleic acid (PNA) was added and no adsorption was observed ( Figure 5B) . In a PNA, the amide backbone replaces the phosphate backbone in DNA, while the bases are the same. The lack of PNA adsorption further confirms the phosphate adsorption mechanism; adsorption by the bases in the absence of phosphate was too weak. To have a full understanding of buffer effect, we tested a few other common inorganic anions (20-60 mM concentration). In this case, TiO2 NPs were incubated in buffers containing designated anions and then FAM-A15 was added ( Figure 5C ). Phosphate and citrate strongly inhibited DNA adsorption, where the fluorescence quenching was less than 10% in 2 h. Therefore, these anions are likely to cap the nanoparticle surface. On the other hand, nitrate, sulphate and acetate have no inhibition effect. It is interesting that citrate is a strong inhibitor while acetate is not. It is likely that the three carboxyl groups in citrate have strong chelation effect, which is not present in acetate. Comparison of ss-and ds-DNA. Combined with fluorescence quenching and DNA adsorption property, we aim to test whether TiO2 NPs can be used for DNA detection. To achieve this, there should be a difference between ss-and ds-DNA. We used a FAM-labeled DNA as probe and hybridized it with various concentrations of cDNA (i.e. the target DNA) to form ds-DNA. The background fluorescence of the hybridized samples was monitored for 5 min before TiO2 NPs were added ( Figure 6A ). Higher concentration of the cDNA resulted in stronger final fluorescence. Even 1 nM cDNA gave a response difference from the background, suggesting high sensitivity might be achieved for this assay method. As a control, the suppression of fluorescence was much less effective if a non-target DNA was used ( Figure 6B ). Since DNA adsorption takes place mainly via the phosphate group and the phosphate backbone is fully exposed in ds-DNA, it is quite surprising that ds-DNA showed less fluorescence quenching. This might be explained by that ss-DNA is much more flexible and the DNA wraps around TiO2 to bring the fluorophore to the particle surface. In a rigid ds-DNA, however, it is more difficult to effectively bend the DNA and some fluorophores might not be effectively quenched. Note in this case adsorption was performed at neutral pH instead of low pH.
Conclusions
In summary, we have provided a comprehensive study on TiO2 NP adsorption of fluorescently labeled DNA oligonucleotides. Care needs to be taken on the surface charge property of TiO2 NPs, which is strongly affected by the adsorption of simple inorganic anions: phosphate and citrate cap the surface, making TiO2 NPs negatively charged even at pH 2. DNA adsorption is achieved mainly via the backbone phosphate while the role of the bases is less important. This is supported by the lack of displacement in the presence of free nucleosides and PNA cannot be adsorbed by TiO2 NPs. Adsorbed DNA can be displaced by free phosphate. At the same time, pre-adsorption of phosphate and citrate inhibits DNA adsorption, while nitrate, acetate and chloride have no effect. Both high ionic strength and low pH promote DNA adsorption and the capacity is drastically increased at pH 2, which is attributed to the DNA base protonation since poly-thymine DNA is less affected. Note that thymine cannot be protonated at pH 2, while the other three bases can. TiO2 NP is a strong fluorescence quencher, quenching adsorbed FAM and Cy3 fluorophores. Fluorescence quenching for ds-DNA is much less compared to ss-DNA, which allows sequence specific detection of DNA.
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